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ABSTRACT
Fiber reinforced polymer (FRP) composites have become an attractive alternative to con-
ventional methods for external-strengthening of civil infrastructure, particularly as applied to flex-
ural strengthening of reinforced concrete (RC) members. However, durability of the bond between
FRP composite and concrete has shown degradation under some aggressive environments. Al-
though numerous studies have been conducted on concrete members strengthened with FRP com-
posites, most of those studies have focused on the degradation of FRP material itself, relatively
few on bond behavior under repeated mechanical and environmental loading.
This thesis investigates bond durability under accelerated environmental conditioning of
two FRP systems commonly employed in civil infrastructure strengthening: epoxy and polyurethane
systems. Five environments were considered under three different conditioning durations (3 months,
6 months, and 1 year). For each conditioning environment and duration (including controls), the
following were laboratory tested: concrete cylinders, FRP tensile coupons, and FRP-strengthened
concrete flexural members. Numerical investigations were performed using MSC MARC finite
element software package to support the outcomes of durability experimental tests. Precise numer-
ical studies need an accurate model for the bond between FRP and concrete, a linear brittle model
is proposed in this work that is calibrated based on nonlinear regression of existing experimental
lap shear data.
Results of tensile tests on FRP coupons indicate that both epoxy and polyurethane FRP
systems do not degrade significantly under environmental exposure. However, flexural tests on
the FRP strengthened concrete beams indicate that bond between FRP and concrete shows sig-
nificant degradation, especially for aqueous exposure. Moreover, a protective coating suppresses
the measured degradation. Also, experimental load-displacement curves for control beams show
excellent agreement with numerical load-displacement curves obtained using the proposed bond
iii
model. Finally, a bond-slip model is predicted for concrete leachate conditioned beams by match-
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CHAPTER 1: INTRODUCTION
1.1 Motivation and Background
Bad conditions of many infrastructure in the United Stated have triggered the need for some
immediate solutions. The most common causes of degradation of infrastructure are increased ser-
vice loads, rudimentary maintenance procedures, increasing age of infrastructure, and environmen-
tal deterioration. Estimated investment needed by 2020 to maintain a state of good repair for all
infrastructure types in the United States is 3635 billion dollars [1]. Bridges in the United States are
good examples of deteriorated infrastructure. In 2012, there are 11,982 bridges in Florida where
one in seven of them are considered functionally obsolete, while one in 46 of them are considered
structurally deficient [2].
Demolition of a deteriorated structure has been deemed to be impracticable solution due to
reasons such as material cost, disposal, access shortage, and disturbance to structures in close prox-
imity. Therefore, alternative solutions have been the focus for the last few decades. Strengthening
and retrofitting have been effective options for addressing degradation of structures. Several tech-
niques has been employed and widely used to strengthen deteriorated structures, such as external
post-tensioning of a bridge stringer in the longitudinal direction or floor beams in the transverse
direction, modification of simple spans to continuous spans, adding or replacing stringers, and
composite action technique [3].
Composite action technique has been a very common method to strengthen various types
of civil structures and it has been performed through the use of external attachment of steel plates
by using an adhesive or by bolting. This method has helped increase capacity and stiffness of the
degraded structural parts. However, it has proven disadvantageous for a couple of reasons related
to the weight of the plates, required scaffolding space, and doubted joint durability. Therefore, an
1
urgent need for innovative technique that eliminates all the aforesaid issues has been pursued [4].
Fiber reinforced polymer (FRP) composites have been qualified to be excellent alternative
for strengthening purposes compared with the external use of steel plate. The success of FRP com-
posites has been attributed to properties such as high stiffness-to-weight ratio, strength-to-weight
ratio, easy on-site installation, and outstanding corrosion resistance. Making use of their distin-
guished properties, FRP composites are progressively being used for rehabilitating degraded civil
infrastructure. External bonding of FRP composites to concrete structures has been successfully
utilized to repair beams, columns, walls, slabs, bridge decks and many types of structural elements.
Bond between concrete and FRP composites is a crucial element in external strengthening
since it is responsible for the stress transfer between concrete and FRP material. Researchers have
found that the common failure mode for FRP strengthening is by laminate debonding [5] and some
studies have shown that debonding is affected by environmental exposure [6–9].
Adhesive (bond) might degrade when exposed to environments such as moisture, saltwater
solution and others, and hence affecting its durability. Bond durability means its ability to resist
cracking, oxidation, chemical degradation, delamination, and damage effect from foreign objects
for specified time duration under specified load and environments [10]. Although the adhesive
layer (bond) is essential in characterizing member capacity, it has not received enough attention
in terms of durability under environmental effects. Bond durability has been facing numerous
questions related to the vastly scattered data reported on this aspect. Karbhari et al. [11] attributed
durability discrepancies to several reasons such as insufficient information about quality of the
FRP process method employed.
Coupling the urgent need for repair and rehabilitation along with the sparse durability
sparse data, researchers have conducted many studies to address the durability aspect. Major por-
tion of those studies has focused on investigating the durability of the FRP composites itself under
2
various environments, for example, (Ellyin and Rohrbacher [12]; Saadatmanesh et al. [13]). How-
ever, several researchers have conducted studies to investigate durability of the bond joining FRP
composites and concrete members that are exposed to diverse environments (Karbhari et al. [14];
Grace and Singh [15]). These few studies have not given appreciated interpretations to the scattered
data reported on bond durability.
1.2 Objectives and Scope
This thesis presents the work done to investigate bond durability under accelerated con-
ditioning environments. Three conditioning periods were considered which were (3000 hours,
6000 hours, and 12 months) and five environments were employed to condition the bond between
FRP composite and concrete: saltwater solution, leachate solution, UV light, dry heat, and am-
bient outdoor. The study involved using of two FRP composite systems: wet layup epoxy and
pre-impregnated polyurethane systems.
The durability of the two major components (FRP laminate and concrete) was investigated
separately. Tests on individual components included flexural tests on un-strengthened concrete
beams and tensile tests on FRP composites to characterize the behavior of these materials under
accelerated exposure to different environments. Bond durability characterization was investigated
through flexural tests on the FRP strengthened concrete beams exposed to accelerated exposure to
different environments.
Numerical models were generated that characterize the performance of each component as
well as the bonded interface, and were subsequently used to correlate with results from the flexural
tests of FRP-strengthened concrete beams.
The research objectives are as follows:
1. Durability investigation of the bond between FRP composites and concrete under accelerated
3
environmental conditioning.
2. Relationship between durability of single component (FRP composite or concrete) and FRP-
strengthened concrete system.
3. Comparison between durability performance of wet layup and pre-impregnated composite
systems.
4. Whether or not environmental conditioning affects the failure mode of both systems involved
in the study.
5. Performing numerical analysis to assess a proposed model for the bond with the assistance
of experimental results.
6. Developing bond-slip model for leachate-conditioned concrete beams.
1.3 Thesis Organization
This thesis is presented in six chapters. Following the introduction in Chapter 1, Chapter 2
presents the literature review for the thesis. It briefly starts with the components of FRP composite:
fiber and matrix. Then it lists the most common types of fibers and resins that have been used
in civil applications. Following that, the chapter is more concerned about the FRP durability
studies which have been done in the past. More specifically, the chapter focuses on the studies that
have had concrete structures externally bonded with FRP composites under different environments.
After that some numerical studies on bond characteristics are presented.
The third chapter first presents details of the concrete specimens and composite systems
used in this study and their preparation separately. Moreover, preparation and procedure to apply
the composite systems to concrete tension surface is given in detail. Secondly, the chapter discusses
and presents details of the environments utilized and experimental techniques followed in this
4
thesis.
Results are presented in the fourth chapter. Test results of the environmentally conditioned
specimens employing two composite systems are depicted in figures and tables. The fifth chap-
ter presents the finite element analysis done to emphasize the outcomes of the experimental work
conducted on the control and aqueous conditioned beams. First, details about the elements used
for each component are presented. Then constitutive models used for each component are pre-
sented. Finally, load-displacement figures and crack patterns are presented and compared with the
experimental tests.
The last chapter, chapter 6, is devoted to conclusions and discussion. Also, recommenda-
tions are given for future work.
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CHAPTER 2: LITERATURE REVIEW
2.1 Fiber-Reinforced Polymer (FRP) Composites
FRP composites are comprised of reinforcing fibers and a matrix. Reinforcing fibers are
responsible for carrying most of the load applied to the composite, while the matrix provides
protection to the fibers against surrounding environments, transfers stresses between fibers, and
keeps reinforcing fibers in place [16].
2.1.1 Reinforcing Fibers
Various types of fibers are commercially available and each type fits a couple of applica-
tions. However, there are three types of fibers which are commonly employed in civil infrastruc-
ture: carbon, glass, and aramid [17]. Some properties of these common fibers are listed in Table
2.1.
Carbon fibers are dominantly being used in civil applications. They are manufactured to
have a wide range of tensile properties. They have high tensile strength-weight ratios, tensile
modulus-weight ratios, negative coefficient of thermal expansion (CTE), and outstanding resis-
tance to fatigue. However, they have some disadvantages such as their high cost, low strain-to-
failure, weak resistance to impact, and high electrical conductivity [16].
Glass fibers are commonly available in two types: E-glass and S-glass. Glass fibers are
characterized by their low cost, high tensile strength, and superior insulating properties. However,
they have some disadvantages. They have low tensile modulus and high density compared with
the aramid and carbon fibers, high abrasion sensitivity and low resistance to fatigue [16].
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Glass E-Glass 2.54 500 10.5 4.8 0.2 5
S-Glass 2.49 625 12.6 5 0.22 2.9
PAN carbon T-300 1.76 530 33.5 1.4 0.2 -0.6
AS-1 1.8 450 33 1.32 0.2 -0.75
AS-4 1.8 590 36 1.65 0.2 -0.75
T-40 1.81 820 42 1.8 0.2 -0.75
Pitch carbon P-55 2 275 55 0.5 0.2 -1.3
P-100 2.15 350 110 0.32 0.2 -1.45
Aramid Kevlar 49 1.45 525 19 2.8 0.35 -2
Kevlar 149 1.47 500 26 1.9 0.35 -2
Technora 1.39 435 10.1 4.6 0.35 -6
Aramid fibers are aromatic polyamide fibers. They are characterized by having the lowest
specific gravity and the highest tensile strength-to-weight ratio compared with all the currently
available fibers. Kevlar 49, Kevlar 149 and Technora are commercial names for common aramid
products. Some advantages of aramid fibers are light weight, impact resistance and negative ther-
mal expansion coefficient. Nevertheless, they have some disadvantages. They are weak when




Matrix materials can be polymeric, metallic, and ceramic. Polymeric matrix includes two
major classes: thermosetting and thermoplastic. Molecules of thermoplastic matrices have weak
cross-links, so temperature variation can create different configurations for thermoplastics, and
thus such matrices has not been used in civil infrastructure applications. Thermoplastic matrices
are commonly utilized with short fibers [16].
In thermosetting matrices, polymerization reactions create strong cross-links that hold
molecules together making a stiff structure that cannot be reformed by temperature variation, and
thus such matrices has been suitable option in civil infrastructure applications. Thermosetting ma-
trices are usually used along with the continuous fibers [16]. The most common types of resins
known for their popular use in civil applications in civil infrastructure are Vinyl ester, epoxy, and
polyurethane resins [17].
Vinyl ester resin has some advantages such as affordable cost, low viscosity, fast curing
time, good tensile strength and outstanding resistance to chemicals [16, 17]. However, its major
disadvantage is its high curing shrinkage (5-10%) that can produce considerable residual stresses
and strains that negatively affect the properties of the cast parts strengthened with FRP composite.
Epoxy resin has several advantages that make it the dominant resin used in civil infras-
tructure. It has superior chemical resistance and low curing shrinkage compared with other resins.
Moreover, many starting materials, curing agents, and modifiers are available for epoxy resin so
wide range of properties can be produced. Another advantage is that epoxy resin has outstanding
adhesion to various types of fibers and substrates. However, epoxy has some disadvantages like its
high cost compared with other resins and its slow curing rate [16].
Polyester resin has low viscosity, low cost and cures quickly. The disadvantage of polyester
is its high cure shrinkage which ranges from 5-12%.
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Polyurethane-based adhesives were first developed in Germany around 1937. Polyurethane
is produced by reacting polyisocyanate with polyol [18]. Polyurethane-based adhesives have
been used in many applications such as automotive, furniture, medical devices, etc. Nowadays
polyurethane-based adhesive arises as one of the rivals in civil infrastructure applications due to
many advantages. One advantage is that polyurethane bonds well to most substrates. Secondly,
it is a cheap material compared with other available adhesives. Also, polyurethane cures quickly
and it has negligible shrinkage. However, polyurethane has some disadvantages such as its weak
resistance to water immersion, need for priming for some substrates and its sensitivity to high
temperature.
Table 2.2 presents some properties of common resins used in civil infrastructure.
Table 2.2 Properties of Common Resins Used in Civil Infrastructure [16]
Property Vinyl Ester Epoxy Polyester
Density (g/cm3) 1.12-1.32 1.2-1.3 1.1-1.43
Tensile Modulus (Msi) 0.44-0.51 0.4-0.595 0.3-0.5
Tensile Strength (psi) 10,500-11,750 8,000-19,000 5,000-15,000
Cure shrinkage (%) 5.4-10.3 1-5 5-12
2.2 Experimental Studies on FRP Strengthening Systems
FRP composites saw its first use in Japan in 1980s when reinforced concrete columns were
confined with FRP composites [19]. One of the earliest studies investigating concrete column
confinement using FRP wraps was done by Fardis and Khalili [20]. They found that wrapping
columns with FRP resulted in having columns with high strength and ductility.
Flexural strengthening using FRP composites gained the most interest after research in
Switzerland that opened the way to using externally-bonded FRP for that purpose [21]. One of the
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earliest studies on using FRP on the tension face of reinforced concrete members was conducted by
Saadatmanesh et al. [22]. They concluded that the GFRP composites used in the study significantly
increased the flexural strength. Moreover, it was shown that visible cracks appeared at later load
levels and their widths were decreased.
After that, numerous studies have been conducted to set design recommendations for exter-
nally bonded FRP composites. A major portion of these approaches were based on design methods
for conventional steel reinforced concrete [19]. In the meanwhile, researchers have found that FRP
properties degrade under environmental exposure, and thus reduced capacity had to be accounted
for in the design. Therefore, reduction factors were estimated for different environments based on
experimental tests and conservative safety factors [19].
External use of FRP composites has shown superior performance and it has been utilized
for restoring strength of degraded structures, strengthening sound structures, carrying increased
loads, and handling errors caused by construction or design [19]. Currently, bonding external FRP
composites is performed using one of two primary techniques. The first technique is bonding pre-
impregnated FRP sheets (called prepregs) using an adhesive, while the second technique (called
hand layup or wet layup) is done by impregnating dry fiber sheets with resins in the field using
rollers and bonding the impregnated sheets on the structural member using the same resin or a
different polymer as an adhesive [19, 23, 24].
Failure modes after flexural strengthening were investigated as well. Failure can take place
by concrete crushing in compression, steel yielding followed by concrete crushing, steel yielding
followed by FRP rupturing, and FRP debonding [5,19]. A majority of research has scrutinized the
debonding failure mode for several reasons. One reason is that debonding has been the common
failure mode observed in flexural strengthening [5]. Second, when debonding occurs, the full
FRP capacity is lost with loss of composite action [25]. Teng and Chen [25] classified debonding
according to the location where it occurs:
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1. Intermediate crack (IC) induced debonding where it starts at a flexural or flexural-shear crack
in the high moment region. The debonding crack then grows towards one of the laminate
ends.
2. Plate-end debonding where it initiates at the laminate end and grows towards mid-span. This
type of debonding can occur at the steel reinforcement level and thus is called concrete cover
separation. It might also happen at a major diagonal shear crack at the laminate end and thus
called critical diagonal crack (CDC) debonding.
Regardless of the location where the debonding initiates, debonding always occurs at one
of the levels shown in Figure 2.1.
Figure 2.1 Debonding Failure Modes
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In many studies on FRP strengthened concrete members, debonding failure mode has been
related to environmental exposure [6–9]. The following sections present some pertinent studies
regarding environmental conditioning and its effect on strengthened concrete systems.
2.2.1 Exposure to Leachate Solution
Several studies have investigated the effect of alkaline solution on FRP composites [13,26].
However, very limited research has been done to investigate the effects of high pH leachate on bond
durability of FRP externally bonded to concrete members.
One of the experimental studies to characterize bond durability of CFRP composites strength-
ening concrete beams under alkaline exposure was conducted by Grace and Singh [15]. Twelve
reinforced concrete specimens with dimensions of 6 in. wide, 10 in. high, and 108 in. long were
fabricated. Six beams were strengthened with CFRP plates by the supplier using structural epoxy,
while the remaining six beams were externally bonded with CFRP fabrics using saturating epoxy.
Then beams were immersed in stainless steel tank containing alkaline solution maintained at a
temperature of 73±3 oF, and were conditioned for 1000, 3000, and 10000 hours of immersion.
Four beams were removed at each period for testing.
Results showed that the load capacity was improved for the beam strengthened with CFRP
plates during short term immersion, while it decreased in the long term exposure. The load ca-
pacity, however, showed a tendency to decrease for the beams utilizing CFRP fabrics during the
short and long-term exposure. The deflection at the failure loads of the beams strengthened with
CFRP plates had a tendency to increase in the short and long-term exposure. The CFRP fabric
strengthened beams showed decreased deflection in the short term exposure, while in the long
term exposure (10000 hours) the deflection increased to be equal to that of the control specimens.
It was concluded that the alkaline solution had an ambiguous effect on the durability of both CFRP
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plate and fabric strengthened concrete beams.
Another study which investigated effect of CFRP immersion in alkaline solution was per-
formed as a portion of a study conducted on the durability characterization of wet lay-up car-
bon/epoxy composites by Abanilla et al. [23]. The composite system used consisted of a unidirec-
tional carbon fabric and a two part epoxy. Nominal strength, modulus, and density of the fibers
are 4900 MPa, 230 GPa, and 1.8 g/cm3, respectively. The specimens had different layers of
unidirectional composites which are 2, 6, and 12 layers with thicknesses of 1.09, 2.88 and 5.91
mm., respectively. The specimens were immersed in concrete leachate solution with a pH of 12 at
23 oC for a period of 100 weeks.
The characterization procedure followed to quantify the alkaline salt influence included in-
vestigating the system through three point flexure testing per ASTM D790, moisture uptake mea-
surement, dynamic mechanical thermal analysis (DMTA) per ASTM E1640, and tensile testing
per ASTM D3039. It was concluded that alkaline solution had considerable effect on the moisture
uptake meaning that there was significant degradation in the fiber-matrix interface. Tensile prop-
erties for 2 layer thick specimens decreased by 25% and 18% for tensile strength and modulus,
respectively after 100 weeks of alkaline solution immersion. Bending properties for 6 layer thick
specimens decreased by 32.6% and 13.4 % for the flexural strength and modulus, respectively after
100 weeks. Also, the glass transition temperature decreased by 28.1 % at the end of 100 weeks
of exposure. It was concluded that alkali salt has great influence in degrading the resin and the
fiber/resin interface.
2.2.2 Exposure to NaCl Solution
A lot of concrete structures strengthened using FRP composites are exposed to salt water.
Several durability studies on such cases have been conducted in order to characterize the short and
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long-term effect of salt exposure. However, few studies have been concerned with bond durability
of FRP composites externally bonded to concrete structures.
One of the few experimental studies to examine and investigate CFRP strengthening capa-
bility to withstand NaCl solution environments was conducted by Soudki et al. [27]. The study
involved using 11 RC beams. Two CFRP types were used which were Forca-Tow sheets and Sika
CarboDur strips. Eight beams were precracked and strengthened with CFRP composites, and 3
beams were uncracked, unstrengthened, and considered as control beams. All the beams were 150
mm. in width, 250 mm. in height, and 2400 mm. in length with a reinforcing ratio of 0.6%. Two
strengthening configurations were utilized in the study. The first scheme involved application of
one CFRP CarboDur strip (50 mm. wide) to the whole length of the tension face and wrapping a
layer of CFRP Sika-Wrap Hex103C sheets transversely around beam cross section near the sup-
ports to avoid debonding. The other scheme involved strengthening the entire tension face with 4
layers of Forca-Tow CFRP sheets and wrapping one layer of Forca-Tow CFRP strips transversely
around the beam at certain spacings along the shear span. Epoxy was used to coat the bottom and
the two sides of the beams in the second scheme.
Conditioned beams were exposed to wet and dry cycles in a tank containing the 3% of
NaCl. Each wet-dry cycle lasted for 2 days, and the exposure was for 100, 200, and 300 cycles,
after which four-point bending configuration was used to quantify the reduction in the load carrying
capacity. Results from flexural tests showed a reduction of 19, 25, and 28% after 100, 200, and 300
cycles, respectively for the beams strengthened with CFRP CarboDur strips, while a reduction of
2, 6, and 11% after 100, 200, and 300 cycles, respectively was noticed for the beams strengthened
with CFRP Forca-Tow sheets. It was concluded that the epoxy used in the latter decreased the
chloride diffusion, and consequently NaCl effect was considerably suppressed.
Another experimental study which investigated the durability of the bond between CFRP
and concrete under NaCl solution was conducted by Pan et al. [28]. Direct shear tests were per-
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formed on the CFRP strengthened concrete specimens. A total of 14 concrete prisms were poured
with dimensions of 150mm. in width, 150mm. in height, and 550mm. in length. The FRP plates
were carbon fibers provided from Nippon Oil Corporation, Japan. They had a Young’s modulus
of 234 GPa and a thickness of 0.165 mm. per ply. Two part epoxy provided from TATSUHI
Co., Ltd. was used as FRP matrix and adhesive between the CFRP and concrete. The specimens
were immersed in solutions having four different NaCl contents (3%, 6%, 10%, and 15%). The
specimens were removed from NaCl solution at periods of 0, 15, 30, 60, 90, and 120 days and
tested.
Results showed that both initial and ultimate debonding load slightly decreased because of
adhesive deterioration due to NaCl solution at early stages. Then, they increased with immersion
time due to concrete’s compressive strength growth. At long periods of immersion, they decreased
due to the deterioration of the concrete and adhesive. The same behavior was drawn between
the interfacial fracture energy and immersion time. Moreover, it was concluded that the chloride
concentration had little influence on the initial, ultimate debonding strength, and the interfacial
fracture energy.
A study on the long-term durability of FRP laminates made using wet lay-up procedure
and immersed in simulated marine environment was conducted as a portion of study by Saadat-
manesh et al. [13]. 63 one-ply coupons were prepared and immersed in salt water solution having
pH=7.25. Two-part epoxy was the matrix for seven various unidirectional and bidirectional fab-
rics, which were composed of E-glass, pan-based carbon, and aramid fibers. The one-ply laminates
were 15.75 in. long and 0.98 in. wide. The prepared coupons were exposed to 6000, 12000, and
20000 hours of exposure in substitute ocean water, which was prepared following ASTM D1141.
Uniaxial tension tests were carried out on 12 control coupons, which were prepared and kept under
lab temperature to be the baseline for the conditioned coupons, and the immersed coupons accord-
ing to ASTM D3039.
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Results showed that the modulus of elasticity was not affected for all types of laminates.
No significant changes were noticed for the tensile strength for carbon fiber laminates. All glass
fiber laminated exhibited different levels of significant degradation due to salt water exposure.
An experimental study on bond durability of different commercial CFRP composite sys-
tems externally bonded to concrete beams under chloride solution exposure was conducted as a
part of work done by Choi et al. [24]. Small-scale concrete beams were used with dimensions
(4 × 4 × 14)in. Three different CFRP composites were employed: systems A, B (wet lay-up
systems) and system C (precured system). Commercial epoxies were used for the three systems.
Flexural strength was quantified using three-point bending configuration for the exposed systems
after 12 month and compared with that for the unexposed systems.
Results showed that all three systems degraded due to chloride exposure. System A had
the least deterioration compared with the other systems, while the flexural strength of system C
degraded by 71% after 12 months of exposure. Chloride exposure affected the failure modes
for systems B and C. The failure mode for system A did not change where both the control and
conditioned specimens failed in the adhesive mode. The control beams of system B exhibited
cohesive, adhesive, and shear failure modes, while the conditioned beams for this system failed in
adhesive or adhesive-interfacial failure modes. For system C, the failure mode was interlaminar
delamination mode for the exposed beams after it was adhesive mode in the control beams, and that
can be attributed to serious deterioration inside the laminate. It was concluded from this study that
epoxy type had a high influence on durability of the bond between FRP composites and concrete
members under chloride solution exposure.
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2.2.3 Exposure to UV Light
Several studies have been conducted on ultraviolet (UV) radiation effect on durability of
FRP composites. However, studies on bond durability under UV exposure are scarce.
The long-term exposure of fiber reinforced polymer to UV light was reported as a portion
of a study conducted by Liau and Tseng [29]. Graphite/epoxy and glass/epoxy composites were
supplied as prepregs. One, two, and six ply coupons were made from both prepregs with dimen-
sions of 100 mm. long and 10 mm. wide. Some specimens were sealed using quartz tubes to
represent a near-vacuum system when inserted into the UV environment, while the others were
unsealed and treated as ambient air environment. Eight lamps of medium-wave UV radiation were
employed.
The specimens were exposed to 1, 2, 3, and 6 months of UV light and they were removed at
each period for testing. Five specimens were tested for each set using universal tester to evaluate the
tensile strength. It was noticed that the tensile strength was somewhat reduced with exposure time.
It was observed that the specimens which were in near-vacuum environment were less affected
by UV exposure compared with the ones which were in air environment. Also, it was reported
that thicker specimens behavior followed the trend of one-ply specimens behavior but their tensile
strength was less influenced, and that led to the conclusion that the UV effect is limited to material
surfaces.
A portion of the study conducted by Saadatmanesh et al. [13], previously presented, in-
vestigated the long-term durability of FRP laminates fabricated using wet lay-up technique and
exposed to UV light. 63 one-ply coupons were prepared and inserted in a chamber which had
a set of 15 Watt black light fluorescent tubes. Two-part epoxy was the matrix for seven various
unidirectional and bidirectional fabrics, which were composed of E-glass, pan-based carbon, and
aramid fibers. One-ply laminates were 15.75 in. long and 0.98 in. wide. Coupons were exposed
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to 6000, 12000, and 20000 hours of UV irradiation environment, which was prepared following
ASTM G53. Uniaxial tension tests were carried out on 12 control coupons, which were prepared
and kept under lab temperature to be the baseline for the conditioned coupons, and the exposed
coupons according to ASTM D3039. Results showed that the modulus of elasticity was not af-
fected for all types of laminates. No changes were noticed for the tensile strength for all laminates.
Actually, some minor increase was seen in the tensile strength with the exposure time, and that
may contribute to the conclusion that UV light helped in curing process of laminates.
2.2.4 Temperature Exposure
Temperature variations affect properties of resins and consequently, properties of the whole
composite are influenced. All civil structures are exposed to temperature variations. Therefore,
durability studies on FRP composites under temperature exposure have been conducted. However,
few studies have been performed on bond durability of FRP strengthened concrete members under
heat environment.
An experimental and numerical study to characterize the behavior of the bond between
CFRP and concrete exposed to elevated temperature situations (fire is the most common scenario)
was performed by Gamage et al. [30]. 13 single shear specimens were prepared, of which 11
specimens were not insulated and the rest were sprayed with insulation material (50 mm. thick).
The insulated specimens were inserted in an oven and exposed to elevated temperature without
load application, while the non-insulated samples were loaded (inside an oven) to the half capacity
of a specimen having the same details (dimensions, CFRP properties and bond length) tested under
ambient temperature, and then temperature was elevated until failure. Thermocouples were placed
on all specimens and ovens to record the temperature distributions. Finite element analysis was
employed to model the specimens exposed to elevated temperature and different parameters were
investigated such as insulation thickness, temperature rate, and bond length.
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It was concluded from both the experimental and numerical methods that the epoxy em-
ployed is sensitive to temperature changes, and in order to keep the bonded joint safe, a temperature
of 70 ◦C must not be surpassed. Also, it was deduced that the bond length does not affect the inter-
face bond strength at high temperatures. Moreover, it was shown for the non-insulated specimens
that bonded joints failed in 5.5-6 minutes under standard fire exposure, while insulation layer (50
mm. thick) maintained the stability of the bonded joints for 1.76 hour. Finally, it was reported
by the numerical analysis that level of fire resistance was influenced by the thickness and thermal
conductivity of the insulation material.
A portion of the study conducted by Saadatmanesh et al. [13], previously presented, in-
vestigated durability of FRP laminates constructed using wet lay-up technique and exposed to dry
heat environment. 63 one-ply coupons were prepared and inserted in a chamber with maintained
dry temperature of 140 ◦F. Two-part epoxy was the matrix for seven various unidirectional and
bidirectional fabrics, which were composed of E-glass, pan-based carbon, and aramid fibers. One-
ply laminates were 15.75 in. long and 0.98 in. wide. Coupons were exposed to 6000, 12000,
and 20000 hours of dry heat environment, which was prepared following ASTM D3045. Uniax-
ial tension tests were carried out on 12 control coupons, which were prepared and kept under lab
temperature to be the baseline for the conditioned coupons, and the exposed coupons according to
ASTM D3039. Results showed that there was slight decrease in mechanical properties of exposed
laminates (10% decrease in tensile strength on average after 20000 hours of exposure).
2.2.5 Outdoor Exposure
Ambient environment cannot be easily controlled and most of civil infrastructure systems
are exposed to outdoor environment. Outdoor environment can have more than one condition such
as combined effect of temperature, UV light, and moisture. Few studies on durability of either FRP
composites or bond between FRP and concrete under ambient environments have been performed.
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A portion of the experimental study performed by Choi et al. [24], previously presented,
examined bond durability of different commercial CFRP composite systems externally bonded to
concrete beams under exposure to outdoor environment in brackish water. Small-scale concrete
beams were used with dimensions (4 × 4 × 14) in. and were hung from a bridge fender in a
tidal zone. Three different CFRP composites were employed: systems A, B (wet lay-up systems)
and system C (precured system). Commercial epoxies were used for the three systems. Flexural
strength was evaluated using three-point bending configuration for the exposed systems after 12
and 18 month and compared with that for the unexposed systems.
Results showed that all three systems showed slight or nonexistent decrease in the short-
term exposure. However, after 18 months strength considerably increased and that led to the con-
clusion that the barnacles which were formed on the specimens worked as protective layer and
added more reinforcement. Exposure to outdoor environment did not change the failure mode
of the system except in the case of system B at six months of exposure where high temperature
altered the failure mode from flexural shear-interfacial failure to adhesive layer and that was con-
sistent with the considerable reduction in strength of this system at 6 month of conditioning.
2.3 Bond-Slip Models
Since debonding failure is the most common failure mode encountered in RC members
externally bonded with FRP composites, interface behavior between concrete and FRP have to be
understood. Consequently, the behavior of the strengthened member will be understood. There-
fore, investigating bond behavior has been an attractive research.
The most commonly used tests to investigate bond behavior is direct pull-off test since its
setup is easy and simple (Figure 2.2). FRP laminated concrete block is placed in a rigid frame that
prevents movement in the load direction. Adequate bond length (BL) is used and width of FRP
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sheet is always less than concrete width. Strain gauges are mounted at close spaces along FRP
sheet. Tension load is applied to the free end of the FRP laminate bonded to concrete block. for a
certain load, there are internal deformation (slip), which is the relative slip between FRP sheet and
concrete, and stresses (shear stress) in the bond.
Figure 2.2 Direct Shear Set-up
The first step is to obtain strain distributions of the FRP laminate at each load level. The
average shear stress between two subsequent strain gauges can be obtained as a function of the
difference of the measured strains [31] as:
τi+1/2 =
EpAp(εi+1 − εi)
bp(xi+1 − xi) (2.1)
Where Ep, bp andAp are the elastic modulus, width and cross section of FRP sheet; εi and
εi+1 are strain values of two subsequent gauges; xi and xi+1 are positions of the corresponding
stain gauges, respectively.
Average local slip between two subsequent gauges is then calculated from the following
expressions after assuming that there is no slip at the far end of FRP sheet, that there is linear
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variation of strain between the gages, and neglecting concrete strain [31]:
s(xi+1) = s(xi) +
(εi+1 − εi)
(xi+1 − xi) .
(xi+1 − xi)2
2





Where si+1/2 is average local slip between strain gauges εi and εi+1. Couples of average
shear stress and average slip for different load levels characterize the local behavior of the inter-
face which is then referred to as local bond-slip relationship. Unique bond-slip curve cannot be
obtain experimentally since different trends exist between each two subsequent gauges. Therefore,
researchers have investigated this aspect and proposed various models for bond-slip relationship
which are calibrated based on the experimental tests.
Lu et al. [32] proposed a bilinear model which was originally a simplification for a compli-







if s < so
τmax.
sf−s
sf−so if s > so
0 if s > sf
(2.4)
Where so = 0.0195βwft, sf =
2Gf
τmax
, τmax = α1βwft, Gf = 0.308β2w
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The variables τmax and so are maximum local shear stress and the corresponding slip; sf is
the slip at zero shear stress; Gf and ft are the fracture energy of adhesive and tensile strength of
concrete; βw is a factor which takes the effect of concrete width (bc) and plate width (bf ) into ac-
count; α1=1.5 is a factor obtained from fitting the complex finite element model with experimental
data, respectively.
Strains obtained numerically from model equations along FRP sheet were compared with
strains obtained from experiments [33–35]. The bilinear model showed good agreement with the
experimental tests.
Mazzotti et al. [36] proposed a nonlinear model for the interface between concrete and FRP.
The proposed model was Popovic’s equation for concrete in compression [37]. It was calibrated









Where n is constant; τpmax and smax are maximum local shear stress and respective slip,
respectively. Those three parameters were obtained by using least square minimization between
theoretical and experimental data for shear stress-slip, using fracture energy as a constraint in the






Where Gf is the fracture energy of adhesive and Fmax.exp is maximum experimental load
that can be transferred by an infinite bond length. Figure 2.3 shows the experimental data and
the proposed curve for shear stress-slip. Properties needed to obtain the proposed curve were
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Ep=195200 Mpa, tp=1.2 mm, bp=50 mm and Fmax.exp=22.8 KN .
Figure 2.3 Shear Stress-Slip Proposed Model and Experimental Data [36]
Strains obtained numerically from model equation along FRP sheet were close to those
obtained from experiments.
The aforementioned proposed models assume pure shear in the interface. However, it was
confirmed by Lu et al. [38] that normal stresses exist in FRP-concrete interface. Those normal
stresses have significant effect on shear stress in the adhesive and that explains the different curves
experimentally obtained for shear stress-slip relationship corresponding to different stations along
FRP-concrete joint. In order to include effect of normal stresses, Abdel Baky et al. [39] developed
a bond-slip model that accounts for changes in shear stress along FRP-concrete joint. Model details
can be found in [39].
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CHAPTER 3: EXPERIMENTAL PROGRAM
The first part of this chapter presents details about the concrete specimens and the compos-
ite systems employed in this study. More specifically, it provides details about poured concrete,
laminate systems and their fabrication, and how the laminates were applied to concrete tension
face. The second part of the chapter presents details about the environments employed to condi-
tion all specimens (beams, coupons, and cylinders). Also, details about how the specimens were
monitored are given in the chapter. Moreover, the second part describes specimen instrumenta-




A total of 252 concrete beams having dimensions of (4×4×16)in. were poured on March
23rd, 2011. Some beams were poured in the structures laboratory at University of Central Florida
(UCF), while the other large portion was poured next to Storm Water Research Laboratory (Figure
3.1). 120 concrete cylinders with dimensions of (4 × 8)in. were poured for evaluating concrete
compressive strength. Cylinders were poured into plastic molds and then covered with plastic lids
for curing purposes (Figure 3.2). Beams were kept in their wooden forms to cure for two weeks
and were covered with plastic sheets in order to keep them moist as much as possible. Table 3.1
gives details about the concrete mix as provided by Cemex Company. After removing the spec-
imens from their forms, surface preparations were carried out on the substrate layer of concrete
to expose the aggregate for bond promotion with the CFRP laminate systems. Preparations were
employed for one side of all specimens using a hand grinder. That side was always perpendicular
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to the exposed face of the poured beams.
Figure 3.1 Concrete Pour
Figure 3.2 Preparation of Cylinders
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Table 3.1 Concrete Mix Details
Material Description
Cement Type I Portland
Fine aggregate Natural Sand
Coarse Aggregate #57 Limestone
Water Cement Ratio 0.48
Admixture WRDA R©60
Designed Slump (in.) 4
Specified 28 Day Strength (psi) 5000
Designed 28 Day Strength (psi) 6822
3.1.2 CFRP Laminate systems
This study involved using two CFRP systems: CFRP-epoxy system and CFRP-polyurethane
system. Both systems were provided by Neptune Research Inc. (NRI). Material tensile properties
were obtained in the Structures Laboratory at UCF. More details about both systems are explained
in the next sections.
3.1.2.1 CFRP-Epoxy System
This system is a wet lay-up system which consists of two-part epoxy as matrix and a uni-
directional carbon fiber as reinforcement. This system is commercially known as Titan 118. For
ease of use in the study, this system was denoted by (EP) system in this study. Details of the
unidirectional carbon fabric used are shown in Table 3.2.
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Tensile Strength (ksi) 600-925
Tensile modulus (ksi) 40-45
The two-part epoxy used in this system had mix ratio of 3:1 resin to hardener by weight,
as recommended by manufacturer. The same matrix was employed as the adhesive layer between
the laminate and concrete substrate. In order to obtain tensile properties which include ultimate
strength, ultimate strain, and elastic modulus, laminates were prepared employing one layer of
carbon fabric as shown in Figure 3.3. Then, tensile coupons were cut and prepared with dimensions
of 12 in. long and 1 in. wide. Beveled-edge end tabs made of Natural G10 FR4 Fiberglass Epoxy
sheets provided by ePlastics R©Inc. were used with dimensions of (2 long ×1 wide ×0.125 thick)
in. following ASTM D3039 [40]. Figure 3.4 shows coupon details.
Figure 3.3 CFRP-Epoxy System Preparation
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Figure 3.4 CFRP-Epoxy System Coupon
3.1.2.2 CFRP-Polyurethane System
This system is a prepreg composed of a unidirectional carbon fiber pre-impregnated with
polyurethane resin at the factory site. It comes in a hermetically sealed bag, and it was opened
only prior to application. This system is commercially known as Viper-Skin 118. This system was
designated (PU) system in this study for ease of use. The adhesive which was used to adhere the
prepreg sheet to the concrete face was polyurethane as well. The catalyst for the prepreg is water,
that is, when sprayed with water, it starts curing. As discussed for the EP system, PU laminates
were prepared utilizing one layer of prepreg (see Figure 3.5) to obtain the tensile properties for this
system which include ultimate strength, ultimate strain, and elastic modulus. Then, tensile coupons
were cut and prepared with dimensions of 12 in. long and 1 in. wide. Beveled-edge end tabs were
used with dimensions of (2 long ×1 wide ×0.125 thick) in. following ASTM D3039 [40]. Figure
3.6 shows coupon details.
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Figure 3.5 CFRP-PU System Preparation
Figure 3.6 CFRP-PU System Coupon
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3.1.3 Application of FRP Systems to Concrete
After removing the concrete beams from their forms and preparing their surfaces using
a hand-held grinder in order to expose the aggregate, a saw-cut 0.5 in. deep and 1/16 in. thick
was made at the center of the tension face to ensure that a flexural crack would initiate at this
location and to trigger laminate debonding from this point for the laminated specimens. After that,
laminates from both systems were prepared in the structures laboratory at University of Central
Florida. However, before applying the laminates to the specimens, concrete surfaces were wiped
with acetone to make sure that oil, different chemical particles, and other loose particles were
removed. Each system has different procedure when applied to concrete surface, so details about
each of them are presented in the following subsections.
3.1.3.1 CFRP-Epoxy System
This wet lay-up system has to go through several steps in order to be applied to concrete
surface and they are summarized as:
1. First, dry CFRP fabric was cut into the required area (4× 16) in. that fits the whole rectan-
gular area of the concrete face (only single layer of CFRP was used).
2. Epoxy resin was mixed by hand with the hardener for 10 min. using a ratio of 3:1 by weight
as specified by the manufacturer.
3. Certain amount of the produced matrix was applied to the concrete surface using a paint
roller. It was given some time to cure and become thicker before going to the next step.
4. Dry cut CFRP fabric was applied on the thickened epoxy matrix and rolled using aluminum
laminating rollers until the epoxy matrix was squeezed and seen penetrating the fabric in the
upward direction.
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5. When almost all the fabric area was penetrated by the matrix, additional epoxy matrix was
applied on the top surface of the fabric.
6. The added epoxy matrix was spread all over the fabric area using the paint rollers. Then
rolling with aluminum laminating rollers continued for 30 min. until CFRP fabric saturation
was satisfied, possible voids were minimized, and fiber orientation was maintained.
7. Epoxy system takes more time to cure than other systems, so specimens were left untouched
in the structures laboratory for one week to cure.
8. After curing was done, bonded area of laminates was shortened from (4× 16) in. to (2× 10)
in. as shown schematically in Figure 3.7.
Figure 3.7 CFRP Bonded Beam Dimensions
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3.1.3.2 CFRP-Polyurethane System
The prepreg system has steps similar to a great extent to the steps followed to apply the
epoxy system and can be summarized as:
1. A thin film of polyurethane was applied to the surface using a paint roller.
2. A prepreg was removed from its sealed bag and cut into the required length (16 in.) to
completely cover the concrete tension face.
3. Before applying the laminate, it was sprayed with water and then placed on the primer on
top of the concrete surface.
4. Laminate was then rolled using aluminum laminating rollers to bond the sheet to the concrete
maintaining good fiber orientation during rolling. Rolling consumed less time than the time
spent to roll epoxy system because the prepreg was already impregnated with the resin.
However, time of almost 20 min. was needed to remove all the bubbles which were caused by
CO2 (a byproduct of polyurethane and water reaction) and to bond the laminate to concrete.
5. Specimens were left untouched in the structures laboratory for one day to cure.
6. After curing was done, bonded area of laminates was shortened from (4× 16) in. to (2× 10)
in. as done in CFRP-Epoxy System as shown schematically in Figure 3.7.
For both bonded systems, half of the beams were coated with a protective layer provided by
the same manufacturer who supplied the CFRP systems (NRI). This coating layer is commercially
known as Titan Top Coat. This protective layer was mixed by a ratio of 1:1 (resin: hardener) by
volume. It was applied to the whole concrete face where CFRP laminates were bonded and it was
meant to protect FRP composite and the adhesive from the surrounding environment. Table 3.3
shows details of all specimens.
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ed Beams No. of conditioned coupons
Ep System a PU System b Ep System PU System
C c U d C U
Dry Heat 3000 3 3 3 3 3 3 3
6000 3 3 3 3 3 3 3
10000 3 3 3 3 3 3 3
Alkaline Solution 3000 3 3 3 3 3 3 3
6000 3 3 3 3 3 3 3
10000 3 3 3 3 3 3 3
Saltwater Solution 3000 3 3 3 3 3 3 3
6000 3 3 3 3 3 3 3
10000 3 3 3 3 3 3 3
UV 3000 3 3 3 3 3 3 3
6000 3 3 3 3 3 3 3
10000 3 3 3 3 3 3 3
Outdoor 3000 3 3 3 3 3 3 3
6000 3 3 3 3 3 3 3
10000 3 3 3 3 3 3 3
Control Beams 3000 3 3 3 3 3 3 3
6000 3 3 3 3 3 3 3
10000 3 3 3 3 3 3 3
Control Coupons 3000 - - - 3 3
6000 - - - 3 3






3.2 Durability Evaluation Details
3.2.1 Environments
Five different environments were chosen in this study as crucial environments that would
affect civil infrastructure specifically in Florida region. Those included high pH, dry heat, ambient,
seawater, and UV light environments. Beams conditioning started on October 2nd, 2012 for all
environments, and that made it convenient to do all the mechanical testing in one day for each
testing period. Monitoring of specimens was frequently performed during exposure time to make
sure that steady conditioning existed.
3.2.1.1 Ambient Outdoor Environment
The specimens which were assigned for ambient outdoor environment were put on the roof
of Engineering Building II at University of Central Florida (Figure 3.8). Outdoor environment
cannot be controlled and specimens were exposed to combinations of temperature variations, UV
light and fluctuating humidity levels. Temperature and precipitation data was collected from the
National Oceanic and Atmospheric Administration’s (NOAA) online database for the duration
of conditioning. Figure 3.9 depicts the average monthly maximum, minimum, and average daily
temperature recorded for Orlando area. Figure 3.10 depicts the total monthly precipitation recorded
for Orlando area for the duration of conditioning.
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Figure 3.8 Outdoor Environment



















Average Monthly Max. Daily Temperature
Average Monthly Min. Daily Temperature
Average Monthly Average Daily Temperature
Figure 3.9 Temperature Measurements in Orlando Area
36
















Figure 3.10 Precipitation Measurements in Orlando Area
3.2.1.2 Seawater Conditioning Environment
Substitute seawater solution was created to simulate seawater environment. Instant Ocean
R©Sea salt was used as the dry salt material which was dissolved in tap water following manufacture
instructions. A mix ratio was 1.5 lb of salt with 5 gallons of water. Once the salt water solution
was created, a pH value of 7.5 was measured using a hand held Extech PH60 pH-temperature pen
which was calibrated using a two-point calibration (pH-7 buffer and pH-10 buffer). One week after
inserting the concrete specimens in the environment, a pH value of 10 was measured and from then
on pH measurements were taken once a week. The pH of the solution was found to stabilize at 10.
Also, following manufacture recommendation, 20% of the salt water solution volume was replaced
with a newly mixed solution every 2 weeks. Figure 3.11 depicts the seawater environment.
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Figure 3.11 Seawater Solution Environment
3.2.1.3 Concrete Leachate Solution Environment
Crushed concrete specimens were used to create a high pH solution by immersing them in
water for a period of time. Readings were taken every day to monitor solution pH using hand held
Extech PH60 pH-temperature pen which was calibrated using a two-point calibration (pH7 buffer
and pH-10 buffer). The leachate solution pH stabilized at a value of 12 after 10 days of immersing
crushed concrete pieces. Figure 3.12 shows concrete leachate environment.
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Figure 3.12 Concrete Leachate Solution Environment
3.2.1.4 UV Radiation Environment
Three cubic wooden chambers were fabricated to accommodate beams, coupons, cylinders
that were selected to be conditioned under UV environment. Each chamber contained 15 beams, 2
sheets of composites, and 3 cylinders.Two BL-15 Longwave (365 nm.) UV lamps were used for
each chamber and they were fixed at the bottom face of the chamber lid. In order to make sure
that all the radiation energy was absorbed by the specimens, the inside of chambers was covered
with aluminum foil to reflect any radiation back to the specimens. Figure 3.13 shows UV radiation
environment.
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Figure 3.13 UV Radiation Environment
3.2.1.5 Dry Heat Environment
The specimens marked to be conditioned under dry heat environment were inserted into
Blue M 146 Series ASTM testing mechanical convection oven which was available in the geotech-
nical laboratory. For the conditioning purposes of this research, oven temperature was set to 130 ◦
F. Figures 3.14 and 3.15 depict the dry heat environment.
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Figure 3.14 Dry Heat Oven
Figure 3.15 Dry Heat Conditioned Specimens
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3.2.2 Instrumentation and Testing Setup
When the conditioning periods ended, specimens were removed from their environments
and prepared to be tested along with control specimens according to their respective testing proce-
dures.
3.2.2.1 Concrete Beams
An apparatus was designed for concrete beams. The apparatus has a clear span of 13 in.
and was fabricated so that displacement readings were measured at three locations in the beam:
center, left support, and right support. The reason behind using three locations rather than single
location at the center is that the support locations are displacing as well when bending is applied
to the beam, so the relative displacement between center of the beam and support location can be
obtained. Three Duncan 9600 series LVDTs were used in the aforementioned locations (Figure
3.16).
Flexural tests were performed on the beams using Satec universal testing machine (UTM)
from Instron Inc. having a capacity of 224.8 kip. Three-point loading configuration was employed
to test the concrete beams at a loading rate of 0.033 in/min which would fail specimens between
(3-5) min [NCHRP report]. Partner software which was provided by Instron Inc. was used to
record the load applied. A data acquisition system from National Instruments Inc. was used to
collect readings of UTM load and LVDTs displacements. Figure 3.17 shows the beam test set-up.
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Figure 3.16 Beam Test Set-up
Figure 3.17 Set-up for Flexural Test
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3.2.2.2 Tensile Coupons
After the coupons were removed from their environments, they, in addition to control
coupons, were prepared following ASTM D3039 [40]. Tensile tests were performed on the read-
ily prepared coupons using Satec universal testing machine (UTM). Each coupon was inserted
into the UTM and held using grip at each end of the specimen. The grips were serrated and that
helped reducing the slippage between the grip and laminate end tab. Lateral pressure was applied
to the coupons to engage them with their corresponding grips, prior to which the alignment of the
coupons was checked with the longitudinal axis of the UTM using a simple level. A static axial
clip-on extensometer with a gauge length of 25 mm was used to measure the axial strain of coupons
and it was attached to the coupon surface at the mid-length using hot glue in order to prevent any
slippage between the extensometer and laminate surface.
Tests were performed using displacement control option with a rate of 0.05 in/min fol-
lowing ASTM D3039 [40]. Stress-strain data were recorded using Partner software which was
provided by Instron Inc. Lastly and after each test, the extensometer was removed from the rup-
tured coupon and cleaned to be ready for the next coupon.
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Figure 3.18 Extensometer Installation
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CHAPTER 4: EXPERIMENTAL RESULTS
This chapter reports and presents the results of the experimental tests conducted on the
environmentally conditioned specimens. For each conditioning period, the conditioned specimens
were removed from their corresponding environments and left for about 10 days to rest. Before
testing, specimens were marked for identification purposes. For the five environments used in the
research, all the conditioned specimens were removed at the same day for each conditioning period
and the removal dates are shown in Table 4.1. Results reported in this section are for beam flexural
testing, coupon tensile testing, and cylinder compressive testing. Furthermore, interpretation of the
outcomes is presented.
Table 4.1 Conditioning Removal Dates




4.1 Time Zero Control (Unconditioned) Specimens
Time zero control specimens were considered as a baseline for all the other control speci-
mens tested at each conditioning period. The time zero control specimens were tested on October
5th, 2012, exactly 3 days after the conditioning start day. At the same day of testing, concrete
average compressive strength was obtained to be 7739 psi with standard deviation of 210 psi and
concrete average tensile strength was determined to be 636.7 psi with standard deviation of 13.52
psi.
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Time-zero tensile tests were performed on coupons from both systems employed in this
study (EP and PU) to obtain tensile strength and elastic modulus. Eight coupons were tested for
each system. Table 4.2 presents tensile properties of the time-zero coupons.
Table 4.2 Tensile Properties of the Time-Zero Coupons
Property Average thickness (in.) Tensile Strength (ksi) Tensile Modulus (ksi)
Avg. S.D. Avg. S.D.
EP System 0.05 110.31 7.27 4719.4 716
PU System 0.053 65.96 5.17 3920.56 787.1
Flexural testing was used to characterize performance of FRP-strengthened system. Time-
zero FRP-strengthened concrete specimens failed by debonding. EP strengthened concrete spec-
imens failed by debonding through a thin layer of concrete (Figure 4.1), while PU strengthened
concrete specimens failed by debonding through the adhesive layer (Figure 4.2). For both systems,
debonding initiated at mid-span and propagated towards one of the laminate ends. That failure
mode is called Intermediate crack (IC) induced debonding as previously described by Teng and
Chen [25] in the literature review chapter. Load-displacement curves for time zero control con-
crete specimens strengthened with EP and PU systems are shown in Figure 4.3 and Figure 4.4,
respectively. During loading, behavior of the beams was linear-elastic until the mid-span crack
initiated at the saw cut. At cracking, a sudden drop in load occurred after which the loading in-
creased linearly until reaching the ultimate capacity of the specimen. It is worth mentioning that
the load-displacement curves are curtailed after reaching the ultimate load capacity.
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Figure 4.1 Debonding in EP System
Figure 4.2 Debonding in PU System
48















Figure 4.3 Load-Displacement Curve of EP System















Figure 4.4 Load-Displacement Curve of PU System
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4.2 Control (Unconditioned) Specimens
For each conditioning time, there were control specimens which were used as baselines for
comparison with the conditioned specimens, different from the zero-time controls above. Those
specimens included FRP laminates, concrete cylinders, and concrete beams.
For three conditioning dates, concrete cylinder tests and plain concrete flexural tests aiming
at obtaining concrete compressive and tensile strength, respectively were performed. The relation-
ship between compressive and tensile strength of control concrete with time are depicted in Figure
4.5 and Figure 4.6, respectively. Both compressive and tensile strength of control concrete had a
tendency to increase with time.





















Figure 4.5 Compressive Strength Development for Control Beams
















Figure 4.6 Tensile Strength Development for Control Beams
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For each conditioning period, tensile test results in terms of ultimate tensile strength and
elastic modulus for both CFRP systems used in the study are shown in Figure 4.7 and Figure 4.8,
respectively. It was obvious that properties of the EP laminates had a little increase with time.





















Figure 4.7 Ultimate Stress Development for Control Coupons



















Figure 4.8 Elastic Modulus Development for Control Coupons
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Load-displacement curves for control beams were similar to those for time-zero concrete
beams. Also, failure modes were the same as those observed in the time zero beams. Load bearing
capacity at cracking and ultimate stages is plotted versus duration of conditioning in Figure 4.9.
Load at cracking stage tends to increase with time of conditioning for both EP and PU systems;
approximately 9% and 6% increase in cracking load in 12 months of conditioning for EP and PU
systems, respectively. Cracking load increase is due to the increase in concrete strength. Also, ulti-
mate load tends to increase with time of conditioning for both EP and PU systems; approximately
14% and 13% increase in ultimate load in 12 months of conditioning for EP and PU systems, re-
spectively. Ultimate load increase for is due to the increase in CFRP elastic modulus.


















Figure 4.9 Load Bearing Capacity Development for Control Beams
Figure 4.10 depicts a plot of pre- and post-cracking flexural stiffness versus duration of
conditioning for EP and PU systems. The pre-cracking flexural stiffness increases with time of
conditioning for EP and PU systems; approximately 10.5% and 11% increase in pre-cracking flex-
52
ural stiffness in 12 months of conditioning for EP and PU systems, respectively. That increase is
due to the increase in concrete strength. Also, the post-cracking stiffness has a consistent increase
with time of conditioning; approximately 39% and 23% increase in post-cracking flexural stiffness
in 12 months of conditioning for EP and PU systems, respectively. That increase is due to increase
in CFRP elastic modulus.

























Figure 4.10 Flexural Stiffness Development for Control Beams
4.3 Leachate conditioned Specimens
For three conditioning periods, concrete cylinder tests and plain concrete flexural tests
aimed at obtaining concrete compressive and tensile strength, respectively were performed. To en-
sure precise quantification regarding the effect of environments, all the values for the conditioned
specimens were normalized with respect to their corresponding control values. The relationship
between the normalized values of compressive and tensile strength of leachate conditioned con-
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crete with time are depicted in Figure 4.11 and Figure 4.12, respectively. Concrete compressive
strength showed little decrease with time of leachate conditioning, while tensile strength showed
considerable degradation at 3000 hours of exposure (15% decrease compared with control speci-
mens) then it recovered slightly at 12 months (10% decrease compared with control specimens).

















Figure 4.11 Compressive Strength Degradation for Leachate-Conditioned Beams














Figure 4.12 Tensile Strength Degradation for Leachate-Conditioned Beams
In order to characterize the material durability under concrete leachate exposure, tensile
tests were performed to quantify the ultimate tensile strength and elastic modulus for both CFRP
systems used in the study. The relationship between the normalized values of ultimate strength and
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tensile modulus versus the conditioning time is graphed in Figure 4.13 and Figure 4.14, respec-
tively.
It can be seen that the ultimate stress for both EP and PU systems exhibits little degradation
with time of leachate conditioning; 5% and 8 % decrease in ultimate strength compared with con-
trol coupons in 12 months of exposure to leachate solution for EP and PU systems, respectively.
Also, elastic modulus shows little degradation; 1% and 7% decrease in elastic modulus compared
with control coupons in 12 months of leachate conditioning for EP and PU systems, respectively.



















Figure 4.13 Ultimate Stress Degradation for Leachate-conditioned Coupons


















Figure 4.14 Elastic Modulus Degradation for Leachate-conditioned Coupons
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Flexural testing was used to characterize performance of the strengthened system under
concrete leachate solution environment. Load-displacement curves for beams conditioned were
similar to those for time-zero concrete beams. Also, failure modes were the same as those ob-
served in the time zero beams. The normalized values of load bearing capacity at cracking and
ultimate stages is plotted versus duration of leachate conditioning in Figure 4.15. Load at cracking
stage decreased by 6% and 15% for uncoated EP and PU systems compared with control beams
in 12 months of concrete leachate exposure, respectively. Cracking load for Coated EP and PU
systems decreased by 4% and 13%, respectively, compared with control beams in 12 months of
exposure to concrete leachate. Ultimate load decreased by 11% and 34% for uncoated EP and
PU systems, respectively, compared with control beams in 12 months of concrete leachate condi-
tioning. Ultimate load decrease in EP system shows very good agreement with that observed by
Grace and Singh [15] where failure load decreased by 9% after 10000 hours of leachate exposure
for concrete beams strengthened with CFRP fabric. Also, ultimate load for coated EP and PU
systems decreased by 0.5% and 23%, respectively, compared with control beams in 12 months of
leachate exposure. The coating layer shows efficiency to suppress degradation for both systems. It
is noticed that after 6000 hours of exposure to concrete leachate the load bearing capacity tends to
stabilize especially for coated systems.
Figure 4.16 depicts a plot of the normalized values of pre- and post-cracking flexural stiff-
ness versus duration of concrete leachate conditioning for EP and PU systems. Pre-cracking flex-
ural stiffness decreased by 4% and 14% for uncoated EP and PU systems compared with control
beams in 12 months of concrete leachate exposure, respectively. Pre-cracking flexural stiffness
for coated EP and PU systems decreased by 3% and 12.5 %, respectively, compared with control
beams in 12 months of exposure to concrete leachate. Post-cracking flexural stiffness decreased by
10% and 23% for uncoated EP and PU systems, respectively, compared with control beams in 12
months of concrete leachate conditioning. Also, Post-cracking flexural stiffness for coated EP and
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PU systems decreased by 2% and 18%, respectively, compared with control beams in 12 months
of leachate exposure. Coating layer shows efficiency to suppress degradation for both systems. It
is observed that after 6000 hours of exposure to concrete leachate the flexural stiffness tends to
stabilize.




















Figure 4.15 Load Bearing Capacity Degradation for Leachate-Conditioned Beams



























Figure 4.16 Flexural Stiffness Degradation for Leachate-Conditioned Beams
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4.4 Saltwater conditioned Specimens
To characterize concrete durability under saltwater exposure for three conditioning periods,
concrete cylinder tests and plain concrete flexural tests were performed. The relationship between
the normalized values of compressive and tensile strength of saltwater conditioned concrete with
time are depicted in Figure 4.17 and Figure 4.18, respectively. Concrete compressive strength
exhibited little degradation with time of saltwater exposure, while tensile strength exhibited con-
siderable degradation at 3000 hours of exposure (17% decrease compared with control specimens)
then it recovered at 12 months (12% decrease compared with control specimens).

















Figure 4.17 Compressive Strength Degradation for Salt-Conditioned Beams














Figure 4.18 Tensile Strength Degradation for Salt-Conditioned Beams
58
Tensile tests were performed on CFRP composites to quantify the ultimate tensile strength
and elastic modulus. The relationship between the normalized values of ultimate strength and
tensile modulus versus the conditioning time is plotted in Figure 4.19 and Figure 4.20, respectively.
It can be seen that the ultimate stress for both EP and PU systems exhibits degradation with time
of saltwater conditioning; 9.5% and 11 % decrease in ultimate strength compared with control
coupons in 12 months of exposure to saltwater solution for EP and PU systems, respectively.
Also, elastic modulus shows very little degradation for EP system (2.5% decrease), while it shows
considerable degradation for PU system (13% decrease) compared with control coupons in 12
months of saltwater conditioning.



















Figure 4.19 Ultimate Stress Degradation for Saltwater-conditioned Coupons


















Figure 4.20 Elastic Modulus Degradation for Saltwater-conditioned Coupons
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In order to characterize performance of the strengthened system under saltwater solution
environment, flexural testing was used. Load-displacement curves and failure modes for beams
conditioned were similar to those for time-zero concrete beams.
Normalized values of load bearing capacity at cracking and ultimate stages is plotted versus
duration of saltwater exposure in Figure 4.21. Load at cracking stage decreased by 6% and 11%
for uncoated EP and PU systems compared with control beams in 12 months of saltwater solution
exposure, respectively. Cracking load for coated EP and PU systems decreased by 4% and 10%,
respectively, compared with control beams in 12 months of exposure to saltwater conditioning. Ul-
timate load decreased by 6.5% and 36% for uncoated EP and PU systems, respectively, compared
with control beams in 12 months of exposure to saltwater solution. Decrease in ultimate load in EP
system agrees well with that noticed by Soudki et al. [27] where ultimate load decreased by 11%
after 300 cycles of wet and dry NaCl exposure for the beams strengthened with CFRP Forca-Tow
sheets. Moreover, ultimate load for coated EP and PU systems decreased by 0.3% and 21.5%, re-
spectively, compared with control beams in 12 months of saltwater exposure. Coating layer shows
efficiency to suppress degradation especially for PU system. It is noticed that after 6000 hours
of exposure to saltwater solution the load bearing capacity tends to stabilize especially for coated
systems.
Figure 4.22 shows a plot of normalized values of pre- and post-cracking flexural stiffness
versus duration of saltwater conditioning for EP and PU systems. Pre-cracking flexural stiffness
decreased by 3% and 16% for uncoated EP and PU systems compared with control beams in 12
months of exposure to saltwater solution, respectively. Pre-cracking flexural stiffness for Coated
EP and PU systems decreased by 3% and 13%, respectively, compared with control beams in
12 months of exposure to saltwater conditioning. Post-cracking flexural stiffness decreased by
7.5% and 30% for uncoated EP and PU systems, respectively, compared with control beams in
12 months of saltwater conditioning. Also, post-cracking flexural stiffness for coated EP and PU
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systems decreased by 2.5% and 23%, respectively, compared with control beams in 12 months of
saltwater exposure. Coating layer shows acceptable efficiency to suppress degradation for both
systems especially for post-cracking stiffness. Also, it is observed that after 6000 hours of expo-
sure to saltwater solution the flexural stiffness tends to stabilize.




















Figure 4.21 Load Bearing Capacity Degradation for Saltwater-Conditioned Beams



























Figure 4.22 Flexural Stiffness Degradation for Saltwater-Conditioned Beams
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4.5 Ambient Conditioned Specimens
Visual inspection in every conditioning period showed that the PU system underwent grad-
ual change in color from whitish gray to greenish-yellow, while EP system did not show any
apparent changes on its surface. Figure 4.23 and Figure 4.24 show the PU system in unconditioned
and outdoor-conditioned states, respectively, after one year of exposure.
Figure 4.23 Control PU Laminate at 1 year
Figure 4.24 Outdoor-conditioned PU laminate at 1 year
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For three conditioning periods, concrete cylinder tests and plain concrete flexural tests to
obtain concrete compressive and tensile strength, respectively, were performed. The effect of out-
door conditioning on compressive and tensile strength of outdoor conditioned concrete are depicted
as normalized values with respect to control values in Figure 4.25 and Figure 4.26, respectively.
Both compressive and tensile strength showed little decrease with time of outdoor conditioning.

















Figure 4.25 Compressive Strength Degradation for Outdoor-Conditioned Beams














Figure 4.26 Tensile Strength Degradation for Outdoor-Conditioned Beams
Tensile characterization was depicted by conducting tensile tests on conditioned CFRP
laminates of both systems used in this study in order to monitor the degradation of ultimate tensile
strength and elastic modulus under uncontrolled ambient environment during three conditioning
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durations. The relationship between the normalized values of ultimate strength and tensile modulus
versus the conditioning time is plotted in Figure 4.27 and Figure 4.28, respectively. It can be ob-
served that the ultimate stress for both EP and PU systems exhibits gradual degradation with time
of outdoor conditioning; 5% and 8% decrease in ultimate strength compared with control coupons
in 12 months of exposure to outdoor environment for EP and PU systems, respectively. Also, elas-
tic modulus shows very little degradation for EP system (1.5% decrease), while it degraded by 8%
for PU system compared with control coupons in 12 months of outdoor conditioning.



















Figure 4.27 Ultimate Stress Degradation for Outdoor-conditioned Coupons


















Figure 4.28 Elastic Modulus Degradation for Outdoor-conditioned Coupons
64
Flexural test was used to characterize performance of the strengthened system under out-
door environment conditioning. Load-displacement curves and failure modes for beams condi-
tioned were similar to those for time-zero concrete beams.
Normalized values of load bearing capacity at cracking and ultimate stages is plotted versus
duration of outdoor exposure in Figure 4.29. Load at cracking stage decreased by 6% and 9.5%
for uncoated EP and PU systems compared with control beams in 12 months of outdoor exposure,
respectively. Cracking load for Coated EP and PU systems decreased by 1% and 8%, respectively,
compared with control beams in 12 months of exposure to outdoor conditioning. Ultimate load
decreased by 7% and 22% for uncoated EP and PU systems, respectively, compared with control
beams in 12 months of exposure to outdoor environment. Moreover, ultimate load for coated EP
and PU systems decreased by 0.5% and 15%, respectively, compared with control beams in 12
months of exposure to outdoor environment. Coating layer shows efficiency to suppress degrada-
tion for both systems. It is noticed that after 6000 hours of exposure to outdoor environment the
load bearing capacity stabilizes.
Figure 4.30 shows a plot of normalized values of pre- and post-cracking flexural stiffness
versus duration of outdoor conditioning for EP and PU systems. Pre-cracking flexural stiffness
decreased by 3.5% and 13% for uncoated EP and PU systems compared with control beams in
12 months of exposure to outdoor environment, respectively. Pre-cracking flexural stiffness for
Coated EP and PU systems decreased by 3% and 12.5%, respectively, compared with control
beams in 12 months of exposure to outdoor conditioning. Post-cracking flexural stiffness de-
creased by 6% and 22.5% for uncoated EP and PU systems, respectively, compared with control
beams in 12 months of outdoor conditioning. Also, Post-cracking flexural stiffness for coated EP
and PU systems decreased by 2% and 16.5%, respectively, compared with control beams in 12
months of outdoor exposure. Coating layer shows excellent efficiency to suppress degradation for
both systems especially for post-cracking stiffness. Also, it is observed that after 6000 hours of
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exposure to saltwater solution the flexural stiffness tends to stabilize.




















Figure 4.29 Load Bearing Capacity Degradation for Outdoor-Conditioned Beams



























Figure 4.30 Flexural Stiffness Degradation for Outdoor-Conditioned Beams
4.6 Dry Heat Conditioned Specimens
In order to observe heat effect on concrete itself, concrete cylinder tests and plain concrete
flexural tests aimed at obtaining concrete compressive and tensile strength, respectively, were per-
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formed. For three conditioning periods, the effect of heat conditioning on compressive and tensile
strength of outdoor conditioned concrete are depicted as normalized values with respect to control
values in Figure 4.31 and Figure 4.32, respectively. Both compressive and tensile strength showed
imperceptible with time of heat conditioning.

















Figure 4.31 Compressive Strength Degradation for Heat-Conditioned Beams














Figure 4.32 Tensile Strength Degradation for Heat-Conditioned Beams
Tensile tests were performed on CFRP composites to quantify the degradation of ultimate
tensile strength and elastic modulus under heat environment during three conditioning durations.
The relationship between the normalized values of ultimate strength and tensile modulus versus the
conditioning time is graphed in Figure 4.33 and Figure 4.34, respectively. It can be observed that
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the ultimate stress for both EP and PU systems exhibits little degradation with time of heat condi-
tioning; 2% and 5% decrease in ultimate strength compared with control coupons in 12 months of
exposure to heat environment for EP and PU systems, respectively. Also, elastic modulus shows
very little degradation for both systems; 1.5% and 5% decrease in elastic modulus for EP and PU
systems, respectively, compared with control coupons in 12 months of heat conditioning.



















Figure 4.33 Ultimate Stress Degradation for Heat-conditioned Coupons


















Figure 4.34 Elastic Modulus Degradation for Heat-conditioned Coupons
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In order to characterize performance of the strengthened system under heat conditioning,
flexural testing was used. Load-displacement curves and failure modes for beams conditioned were
similar to those for time-zero concrete beams.
Normalized values of load bearing capacity at cracking and ultimate stages is plotted versus
duration of outdoor exposure in Figure 4.35. Load at cracking stage decreased by 3.5% and 9.5%
for uncoated EP and PU systems compared with control beams in 12 months of heat exposure,
respectively. Cracking load for Coated EP and PU systems decreased by 1.5% and 8%, respec-
tively, compared with control beams in 12 months of exposure to heat conditioning. Ultimate load
decreased by 4% and 13.5% for uncoated EP and PU systems, respectively, compared with control
beams in 12 months of exposure to heat environment. Furthermore, ultimate load for coated EP
and PU systems decreased by 0.5% and 11%, respectively, compared with control beams in 12
months of exposure to heat environment. Coating layer shows acceptable efficiency to suppress
degradation for both systems especially for the ultimate load. It is noticed that after 6000 hours of
exposure to heat environment the load bearing capacity stabilizes.
Figure 4.36 shows a plot of normalized values of pre- and post-cracking flexural stiffness
versus duration of heat conditioning for EP and PU systems. Pre-cracking flexural stiffness de-
creased by 3.5% and 5.5% for uncoated EP and PU systems compared with control beams in 12
months of exposure to heat environment, respectively. Pre-cracking flexural stiffness for Coated
EP and PU systems decreased by 3% and 4.5%, respectively, compared with control beams in
12 months of exposure to heat conditioning. Post-cracking flexural stiffness decreased by 6%
and 12.5% for uncoated EP and PU systems, respectively, compared with control beams in 12
months of heat conditioning. Also, Post-cracking flexural stiffness for coated EP and PU systems
decreased by 2% and 10%, respectively, compared with control beams in 12 months of heat expo-
sure. Coating layer shows slight efficiency to suppress degradation for both systems especially for
post-cracking stiffness. Also, it is observed that after 6000 hours of exposure to heat environment
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flexural stiffness tends to stabilize.




















Figure 4.35 Load Bearing Capacity Degradation for Heat-Conditioned Beams



























Figure 4.36 Flexural Stiffness Degradation for Heat-Conditioned Beams
4.7 UV Conditioned Specimens
Visual inspection of UV conditioned specimens was implemented in each conditioning
period. It was noticed that PU system experienced gradual change in color from whitish gray to
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greenish-yellow, while any apparent changes were not detected on the surface of EP system. Those
observations were identical to those seen in the ambient conditioned specimens.
In order to observe UV effect on concrete itself, concrete cylinder tests and plain concrete
flexural tests to obtain concrete compressive and tensile strength, respectively, were performed.
For three conditioning periods, the effect of UV conditioning on compressive and tensile strength
of outdoor conditioned concrete are depicted as normalized values with respect with control values
in Figure 4.37 and Figure 4.38, respectively. Both compressive and tensile strength did not show
degradation with time of UV conditioning.

















Figure 4.37 Compressive Strength Degradation for UV-Conditioned Beams














Figure 4.38 Tensile Strength Degradation for UV-Conditioned Beams
71
In order to characterize the durability of CFRP composites under UV light, tensile tests
were performed on UV conditioned CFRP laminates of both systems during three conditioning
durations. The relationship between the normalized values of ultimate strength and tensile modu-
lus versus the conditioning time is graphed in Figures 31 and 32, respectively. It can be observed
that the ultimate stress for EP system exhibits little increase (1% in 12 months of UV conditioning
compared with control coupons), while PU system exhibits degradation (approximately 7% in 12
months of UV conditioning compared with control coupons). Increase in ultimate stress for EP
system can be related to UV contribution in curing process and that agrees well with the results of
UV conditioning done by Saadatmanesh et al. [13]. Also, elastic modulus does not show percep-
tible degradation for EP systems, while it degraded by 5% for PU system compared with control
coupons in 12 months of UV conditioning.



















Figure 4.39 Ultimate Stress Degradation for UV-conditioned Coupons
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Figure 4.40 Elastic Modulus Degradation for UV-conditioned Coupons
Flexural test was used to characterize performance of the strengthened system under UV
conditioning. Load-displacement curves and failure modes for beams conditioned were similar to
those for time-zero concrete beams.
Normalized values of load bearing capacity at cracking and ultimate stages is plotted ver-
sus duration of UV exposure in Figure 4.41. Load at cracking stage decreased by 1% and 4% for
uncoated EP and PU systems compared with control beams in 12 months of UV exposure, respec-
tively. Cracking load for Coated EP and PU systems decreased by 0.5% and 2.5%, respectively,
compared with control beams in 12 months of exposure to UV conditioning. Ultimate load did
not show perceptible degradation for coated and uncoated EP systems, while it decreased by 6.5%
and 4% for uncoated and coated PU systems, respectively, compared with control beams in 12
months of exposure to UV environment. Coating layer shows acceptable efficiency to suppress
degradation for PU system especially for the ultimate load.
Figure 4.42 shows a plot of normalized values of pre- and post-cracking flexural stiffness
versus duration of UV conditioning for EP and PU systems. Pre-cracking flexural stiffness de-
creased by 3% and 6.5% for uncoated EP and PU systems compared with control beams in 12
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months of exposure to UV environment, respectively. Pre-cracking flexural stiffness for Coated
EP and PU systems decreased by 2.5% and 4.5%, respectively, compared with control beams in 12
months of exposure to UV conditioning. Post-cracking flexural stiffness decreased by 6.5% and
7.5% for uncoated EP and PU systems, respectively, compared with control beams in 12 months of
UV conditioning. Also, Post-cracking flexural stiffness for coated EP and PU systems decreased
by 2.5% and 6%, respectively, compared with control beams in 12 months of UV exposure. Coat-
ing layer shows slight efficiency to suppress degradation for both systems.




















Figure 4.41 Load Bearing Capacity Degradation for UV-Conditioned Beams



























Figure 4.42 Flexural Stiffness Degradation for UV-Conditioned Beams
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4.8 Summary
From the experimental results, it can be observed that aqueous environments have signifi-
cant effect on CFRP strengthened concrete beams, especially beams utilizing polyurethane-CFRP
system. Table 4.3 shows the reduction of the ultimate load as a percentage of the ultimate load of
corresponding control specimens for all environments used in the study.
Table 4.3 Reduction in Ultimate Load for Conditioned Beams
Environment 3000-hour Conditioning 6000-hour Conditioning 12-month Conditioning
EP System PU system EP System PU system EP System PU system
C U C U C U C U C U C U
Heat 0 2.5 7.3 1 0.2 3.5 9.5 12 0.7 4.3 11.5 13.5
Leachate 0 6 18 28 0.3 8 22 32 0.7 10.5 23 34
Ambient 0.1 3.5 8.5 17 0.3 6.5 16 21 1 7.5 16 22
Salt Water 0.2 4 19 28.5 0.5 6 19.5 35 0.5 7 22.5 36
UV 0.15 0.3 2.5 5.5 0.1 0.2 4 6 0.2 1.5 4 7
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CHAPTER 5: FINITE ELEMENT ANALYSIS
This chapter presents details of the two-dimensional (2D) finite element model which was
developed to simulate the flexural test of the concrete beam externally bonded with CFRP laminate.
MSC.MARC software was used to generate and develop the model which consisted of concrete,
FRP layer, and adhesive layer. Plane stress elements were used to model concrete and CFRP lam-
inate, while interface elements were used for adhesive modeling. The following sections describe
elements types utilized, meshing details, properties of materials used, constitutive models selected,
and the numerical results.
5.1 Element Types
Element type 3 was used to model the concrete and CFRP laminate. This plane stress ele-
ment is an isoparametric, arbitrary quadrilateral with 4 nodes and 4 integration points (see Figure
5.1). Each node has two degrees of freedom, which are displacements in x and y directions [41].
Any constitutive model can be implemented with this element type [41]; therefore, it was
paired with a concrete cracking model for application to the concrete specimens in this thesis.
Furthermore, a linear elastic model for the CFRP laminate was adopted using the same element
type.
Element type 186 is an interface element and was used to model the adhesive layer. This
element has 4 nodes and 2 integration points (see Figure 5.2). Each node has two degrees of
freedom, which are displacements in x and y directions. A constitutive model expressed as shear
stress versus relative displacement which represents adhesive behavior can be simulated using
element type 186.
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Figure 5.1 Element Type 3
Figure 5.2 Element Type 186
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5.2 Meshing Details and Finite Element Model
A concrete block was modeled using a plane stress element with dimensions (4 in.×16in.)
and thickness of 4 in. Also, FRP laminate was modeled using a plane stress element with dimen-
sions of (10 in. × 0.05in.) and thickness of 2 in. The thickness for plane stress element is the
dimension which is always out of plane. The adhesive layer was modeled using an interface el-
ement with dimensions (10 in. × 0.02in.) and thickness of 2 in. All aforementioned dimensions
were taken from the concrete beams involved in this study. The boundary conditions which were
applied were two supports (one is fixed displacement in x direction and the other is fixed displace-
ment in x and y directions to simulate simply supported beam) located at 1.5 in. from each side
of the beam and point load located at the top center of the beam (simulating three-point load con-
figuration) applied as a function of time. The performed analysis was static and in plane stress
dimension.
To improve modeling accuracy and minimize analysis time, a locally-refined mesh was
used in both x and y directions (see Figure 5.3). For x-direction, relatively large- sized elements
were used in low stress locations such as the cantilevered parts of the concrete beam. Starting from
CFRP laminate end locations, element size were small and became smaller for elements located
near the beam center with saw cut. This location was anticipated to exhibit concrete stresses in
excess of the cracking stresses, and high stresses were expected to develop in the adhesive and
CFRP laminate. For y-direction, the biased mesh was similar to that of x-direction where elements
tended to become smaller in size when located near the bottom of the beam (see Figure 5.4). The
largest size created in the model was 0.25 in. (6.35 mm.) which was for a concrete element at the
very far top ends of the beams, while the smallest size created in the model was 0.0625 in. (1.58
mm.) which was for concrete, adhesive and CFRP laminate at mid-span location. A total of 9576,
160 and 160 elements were created for concrete, adhesive, and CFRP layer, respectively.
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Figure 5.3 Model Meshing




Failure due to concrete yielding in compression did not occur in the experimental tests.
Therefore, nonlinear behavior of concrete in compression was not given any importance in the
modeling process and a linear isotropic model was assumed for compression behavior. However,
concrete behavior in tension was modeled using the bilinear model as depicted in Figure 5.5. The
bilinear model was defined through the cracking option in MSC.MARC software.
Figure 5.5 Concrete Tension Model
where σcr, Ec, and Et represent the tensile strength, elastic modulus, tension softening
modulus of concrete, respectively. If the maximum principal stress exceeds σcr, a crack initiates
in a perpendicular direction to the maximum principal stress [41]. The softening part of the model
allows the concrete to carry load after the maximum principal stress exceeds σcr. Concrete param-
eters needed for numerical analysis are listed in Table 5.1.
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Tension Softening Modulus (Et)
Ultimate Compressive Strain
Shear Retention Factor




where f ′c is the concrete compressive strength obtained from the concrete compression tests
in this thesis (in psi units). Tensile strength of concrete was obtained from three-point flexural tests





where P , S, b, and h are failure load, span between supports, beam width, and beam
height, respectively. Ultimate crushing strain was used as 0.003 as reported in [42]. Concrete
Poisson’s ratio under uniaxial compression is in the domain of 0.15- 0.22 [43] and 0.2 was used in
this study. Shear retention factor is a measure of shear forces being transferred across a crack in
cracked concrete and it ranges between 0 and 1 [43, 44]. Shear retention factor was used as 0.01
in this study. Tension softening modulus was obtained by fitting load-displacement curve from
numerical modeling of plain concrete beam to load-displacement curve from experimental tests. It
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was determined to be 50 ksi.
5.2.1.2 FRP Laminate
FRP material behavior is linear until failure. Therefore, only the elastic modulus and Pois-
son’s ratio were needed for FRP modeling. Elastic moduli and Poisson’s ratios for EP and PU
systems were provided by the manufacturer. The EP system has elastic modulus and Poisson’s
ratio of 11830 ksi and 0.18, respectively. The PU system has elastic modulus and Poisson’s ra-
tio of 8600 ksi and 0.2, respectively. The provided values for elastic moduli are greater than the
experimentally obtained values reported in Table 4.2 and that can be attributed to the difference
in thicknesses between the specimens tested by the manufacturer and specimens involved in the
thesis. Ultimate strength was not needed in the modeling because no rupture occurred in the ex-
perimental tests.
5.2.1.3 Adhesive Layer
Several constitutive models have been proposed for the interface layer [32]. Most of them
have the same parameters that define the shape of their curves. A linear brittle model was used as





δ when 0 ≤ δ ≤ δ1
0 when δ > δ1
(5.3)
This behavior was indicated by single shear experiments conducted by El Zghayar et
al. [45] on specimens utilizing the same CFRP systems employed in this study. Equation (5.3)
assumes that shear stress is linearly related to slip until maximum shear stress is reached and
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then sudden drop occurs indicating that adhesive is fully damaged. The area under shear stress-
displacement curve is called the cohesive energy Gc. The critical opening displacement δ1 is the
maximum displacement that corresponds to the maximum shear stress τmax, and is required along
with Gc for numerical modeling.
Figure 5.6 Assumed Shear-Slip Model
To obtain parameters of the assumed model, the differential equation that governs the





λ2f(δ) = 0 (5.4)












To solve equation (5.4), a bond-slip relationship is required. Therefore, the assumed linear
brittle model was implemented in the differential equation above. However, small load levels were
found to be enough to determine model parameters. Since the shear stress along the bonded length
is less than the maximum shear stress (τmax) at small loads, only the linear portion of the model
was used in the differential equation. Therefore, the equation reduces to the following:
d2δ
dx2
− λ21δ = 0 (5.6)





















In order to solve the governing differential equation, boundary conditions were used as







The slip δ is the relative displacement between concrete and FRP laminate and is defined as
δ = up − uc. By differentiating equation (5.9) with respect to (x), the relative axial strain between











Concrete axial strain is so small compared with FRP axial strain due to the huge difference
exists between their dimensions. Therefore, strain in concrete was neglected and the relative axial
strain was considered as the axial strain in FRP plate.
To obtain bond-slip curve parameters, equation (5.10), which is the analytical strain distri-
butions along FRP sheet, was fitted with strain distribution data obtained from experiments con-
ducted by El Zghayar et al. [45] on specimens utilizing the same CFRP systems using nonlinear
least square fitting technique. As mentioned earlier in the study, only small load levels were used
to quantify bond-slip curve parameters. It is worth mentioning that the approach followed in this
study to obtain bond-slip parameters is different from the traditional approaches where the scat-
tered data of shear stress-slip are fitted to single curve. Table 5.2 presents the obtained bond-slip
parameters for EP and PU systems. Figure 5.7 and Figure 5.8 show the plots of experimentally
obtained strain distributions fitted with analytical strain distributions for both EP and PU systems,
respectively.
Table 5.2 Obtained Bond-Slip Parameters for EP and PU Systems
Parameter EP System PU System
Gc (k/in) 0.0003176 0.0005173
δ1 (in) 0.0005985 0.002055
τmax (ksi) 1.0036 0.5033
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Experimental Strain (El Zghayar et al. 2013)
Analytical Strain
Figure 5.7 Distribution of Strains in EP System in Pull-pull Setup















Experimental Strain (El Zghayar et al. 2013)
Analytical Strain
Figure 5.8 Distribution of Strains in PU System in Pull-pull Setup
By using the parameters that correspond to each component in the FRP strengthened con-
crete beam model, finite element analysis was performed on the model and numerical load-displacement
curves were obtained. Figure 5.9 and Figure 5.10 depict the comparison between experimental
and numerical load-displacement curves for EP and PU systems, respectively. Numerical load-
displacement curves shows very good agreement with experimental load-displacement curves and
that confirms the accuracy of the adopted model and its parameters.
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Figure 5.9 Numerical and Experimental Load-displacement Curves for EP Strengthened
Concrete Beams
















Figure 5.10 Numerical and Experimental Load-displacement Curves for PU Strengthened
Concrete Beams
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5.3 Bond-Slip Model for Conditioned Systems
Experimental results for FRP strengthened concrete beams conditioned by aqueous envi-
ronments showed significant degradation in the load bearing capacity and flexural stiffness. How-
ever, neither the concrete nor FRP laminates exhibited such significant degradation in the same
environment, and hence the bond between concrete and FRP laminate was the reason for the sig-
nificant degradation. Therefore, different bond-slip models were obtained for the deteriorated bond
by calibrating experimental load-displacement curves from the conditioned systems to numerical
load-displacement curves. For illustration, the leachate-conditioned concrete beams were selected.
Figure 5.11 and Figure 5.12 show experimental and numerical load-displacement curves for con-
trol and leachate-conditioned concrete beams at 12 months of exposure for EP and PU systems,
respectively. Also, Figure 5.13 and Figure 5.14 show the comparison between bond-slip models
for control beam and leachate-conditioned concrete beam in 12 months for EP and PU systems,
respectively. It can be seen that Bond-slip model for leachate-conditioned beams utilizing EP sys-
tem shows little degradation in terms of stiffness and cohesive energy and that agrees with the
load-displacement curve of those beams. Also, bond-slip model for leachate-conditioned beams
utilizing PU system shows significant degradation in terms of stiffness and cohesive energy and
that agrees with the load-displacement curve of those beams.
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Figure 5.11 Experimental and Numerical Load-Displacement curves for Control and
Leachate-conditioned EP-strengthened Concrete Beams

















Figure 5.12 Experimental and Numerical Load-Displacement curves for Control and
Leachate-conditioned PU-strengthened Concrete Beams
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Figure 5.13 Bond-slip Models for EP system



















Figure 5.14 Bond-slip Models for PU system
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CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS
This thesis presented experimental and numerical investigations performed on epoxy and
polyurethane CFRP composites employed for external strengthening of concrete structures. Ex-
perimental investigations were related to characterization of both component and bond durability.
Durability of the individual components under accelerated exposure to different environments was
characterized by flexural tests on un-strengthened concrete beams and tensile tests on FRP com-
posites, while durability of the bond was characterized by flexural tests on the FRP strengthened
concrete beams exposed to accelerated exposure of different environments. Numerical investi-
gations were performed using MSC.MARC software to assess a proposed bond model with the
assistance of experimental investigations. A linear-brittle bond-slip model was assumed and its
parameters were obtained by fitting analytical strain distributions to those obtained from pull-off
experimental tests using nonlinear least square fitting algorithm. Also, numerical analysis was
performed to develop a bond model for FRP strengthened concrete beams exposed to leachate
environment by calibrating numerical load-displacement curves to those for exposed beams.
The conclusions that are drawn from experimental and numerical results are presented in
two groups: durability conclusions and numerically-based conclusions. Then recommendations
are given for future work concerning experimental studies on epoxy and polyurethane composite
systems. Furthermore, recommendations are given for further numerical analyses.
6.1 Durability Conclusions
Based on results from experimental tests on environmentally conditioned tensile coupons,
concrete and CFRP strengthened concrete beams, the following conclusions can be drawn:
1. UV and heat environments did not have considerable effect on concrete, both CFRP materials
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(epoxy and polyurethane), and bond between concrete and CFRP composite.
2. Aqueous environments (leachate and saltwater) had significant effect on the polyurethane
bond, while their effect on concrete and polyurethane-CFRP composite was less.
3. Ambient environment had moderate effect on polyurethane bond, while its effect was close
to that of aqueous environment on concrete and polyurethane-CFRP composite.
4. All environments had little effect on Epoxy-CFRP composites and epoxy bond between
concrete and CFRP composite.
5. Although different degradation levels were observed in both components and bond, condi-
tioning did not change the failure mode of CFRP strengthened beams. A debonding failure
mode occurred through a thin layer of concrete for epoxy-CFRP strengthened beams, and a
debonding failure mode occurred through the adhesive layer of polyurethane-CFRP strength-
ened beams.
6. Coating layer proved efficient in suppressing degradation, especially for polyurethane-CFRP
strengthened concrete beams.
6.2 Numerically-based Conclusions
Based on results from the numerical analysis on CFRP strengthened concrete beams utiliz-
ing epoxy and polyurethane systems, the following conclusions can be drawn:
1. The excellent agreement between experimental and numerical load-displacement curves
shows the validity and accuracy of the adopted linear-brittle bond-slip model.
2. The numerically obtained bond slip curve for leachate-conditioned beams proves the impor-
tance of bond in maintaining system performance under service load conditions.
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6.3 Recommendations
Serious attention must be paid to the bond of PU adhesives to concrete. Chemical com-
position of Polyurethane adhesive should be modified to resist aqueous environments. Also, new
coating materials should be developed to resist aqueous environments.
6.4 Future Work
Micro-mechanical investigations should be conducted along with macro-mechanical inves-
tigations to quantify the correlation between both scales. Also, a more complicated model for
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